Insulin-like growth factor-I (IGF-I) signaling plays key regulatory roles in multiple processes of brain physiology and pathology. While the direct effects of IGF-I in neurons have been extensively studied, the astrocyte involvement in IGF-I signaling and the consequences on synaptic plasticity and animal behavior remain unknown. Here we show that IGF-I induces the long-term depression (LTD) of inhibitory synaptic transmission in the mouse barrel cortex. This LTD requires the activation of the IGF-I receptor (IGF-IR) in astrocytes, which stimulates astrocyte Ca 2+ signaling and the release of ATP/adenosine that in turn activates A 2A adenosine receptors at presynaptic inhibitory terminals. Specific deletion of IGF-IR in cortical astrocytes (IGF-IR -/-) impaired the behavioral performance in a whisker discrimination task. These results show novel mechanisms and functional consequences of IGF-I signaling on cortical inhibitory synaptic plasticity and animal behavior, revealing astrocytes as key elements in these processes.
INTRODUCTION
Insulin-like growth factor-I (IGF-I) is a peptide with well-known trophic functions. IGF-I is actively transported to the central nervous system (CNS) from plasma through the blood-brain barrier (1) (2) , and is also locally produced by neurons and glial cells (3)(4) (5) . IGF-I regulates neuronal firing (6) (7) and modulates excitatory synaptic transmission in many areas of the central nervous system (8)(9)(10)(11) (12) .
IGF-I also produces a long-lasting depression of glutamate-mediated GABA release by
Purkinje cells in the cerebellum (10) , or a long-term potentiation of GABA release in the olfactory bulb (13) . However, whether IGF-I modulates inhibitory synaptic transmission in the neocortex remains unexplored.
Astrocytes have emerged as active elements directly involved in synaptic physiology. They respond with Ca 2+ elevations to neurotransmitters released by neurons and induce changes in neuronal excitability and synaptic transmission by releasing gliotransmitters (14) (15) (16) (17) (18) (19) (20) . Astrocytes can release a variety of trophic factors that promote neuronal survival, including IGF-I (21) , and several studies have shown the presence of IGF-I and IGF-IRs in neurons, astrocytes and microglia (22) (23) (24) (5) . Indeed, IGF-I regulates astrocytic glucose control and CNS glucose metabolism (25) , exerts proliferative effects on astrocytes (26) , and reduces their cAMP levels (27) . Activation of GABA B Rs in astrocytes induce release of glutamate that potentiates both inhibitory (28) and excitatory (29) synaptic transmission. In addition to glutamate, astrocytes release ATP that in turn depresses excitatory synaptic transmission in the hippocampus (30) (31) (32) . Moreover, in the neocortex, exocytosis of ATP from astrocytes leads to a short term down regulation of inhibitory synaptic currents by inhibiting postsynaptic and extrasynaptic GABA A receptors in layer 2/3 pyramidal neurons (33) .
Here, we investigated whether IGF-IR activation on astrocytes induces longterm modulation of inhibitory synaptic transmission at layer 2/3 pyramidal neurons of the barrel cortex. We found that IGF-I induces a presynaptic LTD of IPSCs that depends on cytosolic calcium increases in astrocytes, and activation of A 2A adenosine receptors. This LTD of inhibitory synaptic transmission is absent in mice in which IGF-IR has been deleted specifically in astrocytes (IGF-IR -/mice). In addition, we demonstrate that these IGF-IR -/mice show an impairment in the performance of a whisker discrimination task. Therefore, our results demonstrate a novel mechanism of long-term synaptic depression of inhibition at the barrel cortex induced by activation of astrocytic IGF-IRs and ATP/Adenosine (ATP/Ado) release from astrocytes that have important consequences in the processing of somatosensory information occurring during the whisker discrimination task.
RESULTS

IGF-I induces presynaptic LTD of IPSCs (iLTD IGFI ) that requires activation of astrocytes.
We first investigated whether IGF-I modulates the efficacy of inhibitory synaptic (Figure 1A) . After 5 min of IPSC recording, IGF-I (10 nM) was bath applied during 35 min and then washed-out ( Figure 1B) . IGF-I induced a long-term depression (LTD) of the IPSCs peak amplitude (termed iLTD IGFI ) that persisted after IGF-I washout (from 100.6 ± 1.42 to 60.73 ± 5.08 % of IPSC peak amplitude, before and after IGF-I. N = 7, P < 0.001; Figure 1B , black circles). These IGF-I-induced effects were prevented by bath perfusion of the IGF-IR selective inhibitor NVP-AEW 541 (from 98.72 ± 0.50 to 96.15 ± 3.59 % of IPSC peak amplitude, before and after IGF-I. N = 7, P = 0.50; Because postsynaptic calcium increases are known to be required in the induction of long-term synaptic plasticity (34) , we then tested whether iLTD IGFI induction required cytosolic calcium elevation in the recorded neuron. We used the same experimental approach described above, but now including the Ca 2+ chelator BAPTA (40 mM) in the patch pipette to prevent neuronal calcium elevations. BAPTA loading of the postsynaptic neuron abolished the calcium increases evoked by neuronal depolarization (Supplementary Figure 1) . However, a similar iLTD IGFI   w  a  s  i  n  d  u  c  e  d  i  n  b  o  t  h  c  o  n  t  r  o  l   a  n  d  n  e  u  r  o  n  B  A  P  T  A  -l  o  a  d  e  d  c  o  n  d  i  t  i  o  n  s  ( from 100.08 ± 0.60 to 68.67 ± 6.76 % of IPSC peak amplitude, before and after IGF-I. N = 7, P < 0.01; Figure 1C ). Taken together, these data demonstrate that IGF-I induces LTD of IPSCs without requiring cytosolic calcium elevations in the postsynaptic neuron. To test a possible presynaptic origin of the effect of IGF-I, we recorded the IPSCs evoked by paired-pulse stimulation (50 ms delay), and analyzed changes in paired-pulse responses (PPRs). PPRs were increased during IGF-I-mediated LTD of the IPSCs (from 100.00 ± 3.23 to 120.37 ± 5.33 % of IPSC paired-pulse responses, before and after IGF-I. N = 7, P < 0.01; Figure 1D , ACSF) indicating that they were mediated by a presynaptic mechanism.
Astrocytes are emerging as important cells involved in the regulation of synaptic transmission and plasticity (35) . Therefore, we next determined whether iLTD IGFI 
dopaminergic receptors). In addition, TTX (1 μ M) was also added to the cocktail to prevent action potential-mediated neurotransmitter release. Application of IGF-I induced an increase in the frequency of astrocyte calcium elevations (from 0.75 ± 0.08 to 1.22 ± 0.10 min -1 before and during IGF-I. N = 46 astrocytes, P < 0.01; Figure 3C , ACSF. From 1.60 ± 0.03 to 2.93 ± 0.05 min -1 before and during IGF-I. N = 133 processes, P < 0.01; Figure 1E , F), that was absent under NVP (from 0.89 ± 0.14 to 0.97 ± 0.14 min -1 before and during IGF-I. N = 81 astrocytes, P = 0.73; Figure 1G , NVP). Then, we tested whether the IGFI-induced enhancement of astrocyte calcium signal contributed to the iLTD IGFI . We prevented the Ca 2+ signal selectively in astrocytes, by recording a cortical astrocyte with a patch pipette containing 40 mM BAPTA. Since cortical astrocytes are gap-junction connected, BAPTA injected in a single astrocyte can diffuse throughout a large extension of the gap junction-coupled astrocytic network (30)(36) (37) . After BAPTA-loading of the astrocytic network, IGF-I failed to modulate the IPSCs (from 99.79 ± 0.62 to 92.75 ± 6.20 % of IPSC peak amplitude, before and after IGF-I. N = 6, P = 0.31; Figure 1H ) or the PPR (from 100.00 ± 3.86 to 98.01 ± 2.48 % of IPSC paired-pulse responses, before and after IGF-I. N = 6, P = 0.67; Figure 1I ). Taken together, these data suggest that cytosolic Ca 2+ increases in astrocytes, but not in the recorded PN (see above results), are essential for the induction of iLTD IGFI .
iLTD IGFI requires IGF-IR activation in astrocytes.
Above experiments show that iLTD IGFI requires astrocyte calcium elevations. However, astrocyte stimulation by IGF-I could occur directly through either activation of astrocytic receptors, or indirectly through activation of neuronal receptors that trigger an indirect signaling pathway. To discriminate between these two possibilities, we deleted IGF-IR specifically in astrocytes using a combined viral and genetic approach. Mice with floxed IGF-IR gene (IGF-IR f/f mice) were injected in the barrel cortex with the virus AAV8-GFAP-Cre-mCherry (or AAV8-GFAP-mCherry as a control) that included the Cre-recombinase under the astroglial promoter GFAP, and mCherry as a reporter (Figure 2A) . To delete IGF-IRs selectively in cortical astrocytes, mice were injected in the barrel cortex with 500 nl of the viral vector AAV8-GFAP-Cre-mCherry (or AAV8-GFAP-mCherry as a control, i.e., lacking the Cre recombinase). Immunohistochemistry analysis confirmed the selective expression of the virus in cortical astrocytes.
Furthermore, in IGF-IR f/f mice injected with AAV8-GFAP-Cre-mCherry, mCherry expression was largely reduced and confined to the soma (Figure 2B , mCherry, IGF-IR -/-) compared to the higher and more spread signal in control littermates (Figure 2B , mCherry, IGF-IR WT ).
As expected, in IGF-IR WT , IGF-I elevates astrocyte calcium levels ( Figure 1E 
iLTD IGFI requires A 2A adenosine receptor activation
Astrocytic activation may stimulate the release of ATP, which, after being converted to adenosine, may regulate synaptic transmission (38) , (35) in the hippocampus, cortex and striatum(39) , (40) , (41) . Therefore, we tested whether astrocytic ATP/Adenosine was responsible for the iLTD IGFI . The iLTD IGFI was abolished by the antagonist of adenosine A 2A receptors SCH 58261 (100 nM; from 100.02 ± 0.63 to 94.98 ± 2.43 % of IPSC peak amplitude, before and after IGF-I. N = 8, P = 0.07; Figure 3A , purple circles), but not by the antagonist of adenosine A1 receptors, CPT (5 µM; from 98.72 ± 1.75 to 55.74 ± 7.08 % of IPSC peak amplitude, before and after IGF-I. N = 7; P < 0.001; Figure 3A , Figure 3B ). To test whether adenosine-receptor activation occurs downstream of astrocytic calcium activity, we analyzed the effects of A 2A and A 1 receptor antagonists on astrocytic calcium signals.
We observed that IGF-I evoked an increase in calcium event frequency in the presence of SCH (from 0.67 ± 0.12 to 1.40 ± 0.17 min -1 before and during IGF-I. N = 48 astrocytes, P < 0.01; Figure 3C , SCH), and CPT (from 0.59 ± 0.10 to 1.20 ± 0.13 min-1 before and during IGF-I. N = 72 astrocytes, P < 0.01; Figure 3C , CPT). Taken together, these results indicate that IGF-I induces an increase in calcium levels in astrocytes, which leads to the activation of A 2A receptors, thus inducing iLTD IGFI .
IGF-I induces ATP release from astrocytes depending on IGF-IR.
We next tested whether IGF-I was capable of stimulate the release of ATP in astrocytes.
We used the ATP Assay Kit (see Mat and Methods) to monitor ATP levels in cultured astrocytes before and after 1 h of treatment with IGF-I (10nM). We found that IGF-I elevated the extracellular levels of ATP (from 0.1 ± 0.02 to 1.1 ± 0.04 nmol/µg of protein before and during IGF-I, N = 6; P < 0.001; Figure 3D ), an effect that was prevented when cultures where simultaneously treated with NVP (0.25 ± 0.05 nmol/µg of protein, during IGF-I, N = 6; P < 0.001; Figure 3D ). The IGF-I-induced release of ATP was absent when astrocyte calcium signaling was prevented by treating cultures with BAPTA-AM (0.45 ± 0.04 nmol/µg of protein during IGF-I, N = 6; P < 0.01; Figure 3D ). Moreover, it was also abolished by thapsigargin, which inhibits the calcium ATPase and prevents calcium mobilization from internal stores (0.45 ± 0.03 nmol/µg of protein during IGF-I, N = 6; P < 0.001; Figure 3D ). Moreover, the release of ATP was absent when astrocytes were obtained from mice lacking IGF-IR in astrocytes (from 0.08 ± 0.005 to 0.3 ± 0.01 nmol/µg of protein, before and during IGF-I. N = 6; P < 0.01; Figure 3E ). Finally, the release of ATP was also absent in the IP 3 R2-null mice (from 0.18 ± 0.008 to 0.22 ± 0.009 nmol/µg of protein, before and during IGF-I. N = 4; P < 0.01; Figure 3E ), a mouse in which G-protein-mediated calcium elevation is impaired in astrocytes (42) , (40) . Taken together, these data suggest that IGF-I, acting through the IGF-IR in astrocytes, stimulates the calcium-dependent release of ATP.
Astrocytic activation stimulates the release of glutamate in the hippocampus, cortex and iLTD IGFI is absent in the IP 3 R2-null transgenic mice.
Because cytosolic calcium elevation and ATP release from astrocytes are required for iLTD IGF1 , we expected iLTD IGFI to be absent in IP 3 R2-null mice (Supplementary Figure 4D ). These results further support the idea that iLTD IGFI depends on IGF-IR activation in astrocytes.
The performance of a whisker discrimination task is impaired in the astrocytespecific IGF-IR -/mice.
Finally, we tested whether the activation of IGF-IR on astrocytes was involved in the performance of a barrel cortex dependent discrimination task. We used a test based on the ability of the mice to discriminate different textures in the arms of a Y maze ( Figure   5A ). We compare the ability to perform this task on the astrocyte-specific IGF-IR Figure 4B ). In addition, working memory was also normal in IGF-IR -/mice, as indicated by preserved performance in the Y maze alternation test (Supplementary Figure 4C) . Taken together these results indicate that IGF-IR on astrocytes is involved in the texture discrimination in mice. events that might occur in fine processes (43) , it seems that the existence of those events would not be sufficient to induce iLTD IGFI . Quite the opposite, an intriguing LTP of the IPSCs is revealed. Thus, these data suggest that although astrocyte-synaptic interactions might take place at astrocyte processes, iLTD IGFI requires an active contribution of astrocytic somatic Ca 2+ signaling. Importantly, IP 3 R2 -/mice have recently been reported to show impaired LTD and memory deficits (44) .
DISCUSSION
IGF-I elicits a long-lasting depression of GABA release by cerebellar Purkinje cells in response to glutamate, indicating that IGF-I may act as a modulator of glutamatergic transmission in the adult rat olivo-cerebellar system (10) (45) . Also, IGF-I has been
shown to modulate GABAergic transmission in the olfactory bulb (13) . However, an IGF-I mediated long lasting depression of fast GABAergic synaptic transmission in the neocortex has not been described before. Here we demonstrate that IGF-I induces the release of ATP from cortical astrocytes, that in turn is converted to adenosine to induce long-lasting depression of GABA release. Although IGF-IRs may be present in inhibitory GABAergic terminals, there are no clear data showing a direct action of IGF-I acting on presynaptic IGF-IRs. The only evidence suggesting this mode of action is seen in the hippocampus where IGF-I, acting possibly via GABAergic neurons, can induce the release of GABA to regulate endogenous ACh release (11) . At any rate, our observations contribute to the notion that IGF-I can modulate both stimulatory and inhibitory synaptic activity throughout the CNS.
In rodent astrocytes, IGF-I signaling is important for glucose uptake, regulation of glutamate transport and protection against oxidative stress in the brain (46)(47)(48).
Indeed, loss of IGF-IR has been associated with increased GLUT1 activity and, consequently, increased glucose uptake (25) . Although there is evidence showing that insulin signaling in astrocytes mediates tyrosine phosphorylation of Munc18cand syntaxin-4-dependent ATP exocytosis, which in turn modulates presynaptic dopamine release (49), we have not found previous evidence for an stimulatory action of IGF-I on ATP release by astrocytes. In this regard, it has been previously shown that metabotropic Protease-activated receptor 1 (PAR-1) induces exocytosis of ATP from cortical astrocytes, which leads to a short term downregulation of inhibitory synaptic currents in layer 2/3 pyramidal neurons (33) . In contrast with the presynaptic iLTD described herein, this short term modulation is mediated by a postsynaptic mechanism in which Ca 2+ -entry through the neuronal P2X purine receptor leads to a phosphorylation-dependent down-regulation of GABA A receptors. Therefore, astrocytes can down-or up-regulate inhibitory synaptic transmission by a calcium-dependent release of ATP depending on whether IGF-IR or PAR1R are activated, respectively.
Astrocytes have been shown to respond to both glutamate and GABA (28)(50)(51)(36)(52), which allows them to sense the activity of excitatory and inhibitory neurons. In response to these neurotransmitters they can release both glutamate and ATP/Ado (53)(35)(54)(55)(56). Indeed, hippocampal interneuron activity leads to GABA B R-mediated release of glutamate from astrocytes that potentiates both inhibitory (28) , and excitatory (29) synaptic transmission. In addition to glutamate, hippocampal astrocytes may also release ATP, which is converted to adenosine that depress (57)(30)(31)(32) or potentiates excitatory synaptic transmission (38) .
Moreover, ATP released by astrocytes can depress excitatory synapses from basolateral amygdala and enhance inhibitory synapses from the lateral subdivision of the central amygdala via the activation of A 1 and A 2A adenosine receptors, respectively (58) .
Furthermore, cortical astrocytes have been shown to induce a short-term depression of inhibitory synaptic currents (33) . However, to our knowledge, we present the first evidence showing that IGF-IR activation in astrocytes can induce a long lasting depression of inhibitory cortical synaptic transmission through the release of ATP/Ado via a presynaptic mechanism.
At the circuit level, interneurons control the flow of information and synchronization in the cerebral cortex. Synaptic inhibition is involved in the emergence of fast brain rhythms (59) , and in the induction of synaptic plasticity (60) , that jointly contribute to cognitive functions. Indeed, disruption of astrocytic vesicular release has been found crucial for gamma oscillatory hippocampal activity with significant impact in recognition memory tasks (61) . Our results demonstrate that IGF-I receptor on astrocytes improves the performance of the texture discrimination in mice, suggesting that the iLTD IGFI could be essential in this barrel cortex dependent task. The release of ATP/Ado from astrocytes and the iLTD IGFI described here could play a relevant role in this cognitive function by controlling brain rhythms and favoring the induction of Hebbian synaptic plasticity. Decreased synaptic inhibition would facilitate the backpropagation of action potentials into the dendrites and the induction of spike timingdependent plasticity. In addition, by changing the ratio between synaptic excitation and inhibition, neuronal membranes can rapidly reach the threshold for action-potential generation, and enhanced cortical activity is expected when cortical levels of IGF-I increase. Indeed, this increase in cortical activity would activate neurotrophic coupling mechanism of entrance of IGF-I from the plasma into the brain (2) .
In summary, the present findings reveal novel mechanisms and functional consequences of IGF-I signaling in the cortex. It induces the long-term depression of GABAergic inhibition (iLTD IGFI ) and regulates the behavioral performance in the barrel cortexrelated texture discrimination tasks, though activation of cortical astrocytes. For behavioral tests, both sexes were used and balanced between experimental groups.
METHODS
Materials
Since wild type and control littermates performed similarly in the tests, they were pooled and presented as a single control group. We performed the following three behavioral tests:
(1) Gap-crossing test. To assess sensory perception through the whiskers we used the gap-crossing test that consists of a series of trials in which the mouse has to cross a gap with increasing distances (70)(71). Each mouse was placed in the center of an elevated platform (5 cm wide, 9 cm long) connected to a safe black cylindrical tube (8 cm diameter, 9 cm long). Gap distance between the platform and the cylindrical tube ranged from 0 to 8 cm in 1 cm increments. The test was performed under infrared lighting, the trials were recorded with a video camera and the maximum distance crossed by each animal was measured.
(2) Y-maze spontaneous alternation test. Working memory was assessed by recording spontaneous activity while exploring a Y-maze (72) . The maze was made of blackpainted wood and each arm was 25 cm long, 14 cm high, 5 cm wide, and positioned at equal angles. Trials lasted 8 min each. After each trial, the maze was cleaned with 70% ethanol to remove olfactory cues. Offline analysis of the videos was carried out to obtain the sequence of entries during the test. Alternate behavior was calculated as the percentage of real alternations (number of triplets with non-repeated entries) versus total alternation opportunities (total number of triplets).
(3) Whisker discrimination test. To assess the ability of the animals to discriminate different textures with their whiskers, we adapted the two-trial Y-maze test described in previous work (73)(74). The apparatus was constructed in black-painted wood with three arms, each 25 cm long, 5 cm wide, and 14 cm high. The walls of the maze arms were covered with two different grades of black sandpaper. While two arms (familiar)
were covered with a 500 grit sandpaper, the third (novel) was covered with one of 220 grit. Since the three arms of the maze are identical, and there are no extra-maze cues, discrimination of novelty vs familiarity relies only on the different textures that the animal can perceive with the whiskers. Experiments were conducted in a room with dim illumination (6 lux). During the acquisition phase, mice were placed at the end of one of the familiar arms (in a random order) and were allowed to explore both familiar arms (500 grit sandpaper) for 5 min while the third arm (novel; 220 grit sandpaper) was closed with a guillotine door. At the end of the first trial, mice were returned to their home cage for 5 min. In the retrieval phase, the mice were placed again at the end of the same arm where they started the acquisition phase, and allowed to freely explore all three arms for 5 min. To remove possible olfactory cues, the maze was cleaned with 70% ethanol between the trials. The time spent in each of the arms was recorded using a video camera, and the discrimination index [novel arm/ (novel+familiar arms)] × 100 calculated. (4), decreasing the probability of GABA release (5) that underlies the LTD of the inhibitory synaptic transmission (6) . 
Data analysis:
